Mutations in the tumor suppressor genes SDHB, SDHC, and SDHD (or collectively SDHx) cause the inherited paraganglioma syndromes, characterized by pheochromocytomas and paragangliomas. However, other tumors have been associated with SDHx mutations, such as gastrointestinal stromal tumors (GISTs) specifically in the context of Carney-Stratakis syndrome. Previously, we have shown that SDHB immunohistochemistry is a reliable technique for the identification of pheochromocytomas and paragangliomas caused by SDHx mutations. We hypothesized that GISTs in patients with SDHx mutations would be negative immunohistochemically for SDHB as well. Four GISTs from patients with Carney-Stratakis syndrome and six from patients with Carney triad were investigated by SDHB immunohistochemistry. Five GISTs with KIT or PDGFRA gene mutations were used as controls. In addition, SDHB immunohistochemistry was performed on 42 apparently sporadic GISTs. In cases in which the SDHB immunohistochemistry was negative, mutational analysis of SDHB, SDHC, and SDHD was performed. All GISTs from patients with Carney-Stratakis syndrome and Carney triad were negative for SDHB immunohistochemically. In one patient with Carney-Stratakis syndrome, a germline SDHB mutation was found (p.Ser92Thr). The five GISTs with a KIT or PDGFRA gene mutation were all immunohistochemically positive for SDHB. Of the 42 sporadic tumors, one GIST was SDHB-negative. Mutational analysis of this tumor did not reveal an SDHx mutation. All SDHB-negative GISTs were located in the stomach, had an epithelioid morphology, and had no KIT or PDGFRA mutations. We show that Carney-Stratakis syndromeand Carney-triad-associated GISTs are negative by immunohistochemistry for SDHB in contrast to KIT-or PDGFRA-mutated GISTs and a majority of sporadic GISTs. We suggest that GISTs of epithelioid cell morphology are tested for SDHB immunohistochemically. In case of negative SDHB staining in GISTs, Carney-Stratakis syndrome or Carney triad should be considered and appropriate clinical surveillance should be instituted. Modern Pathology (2011) 24, 147-151; doi:10.1038/modpathol.2010; published online 1 October 2010
Succinate dehydrogenase (SDH) is an enzyme complex that catalyzes the oxidation of succinate to fumarate in the citric acid cycle and participates in the electron transport chain. SDH is located in the mitochondrial inner membrane and consists of four nuclear-encoded subunits: the flavoprotein SDHA, the iron-sulfur protein SDHB, and the integral membrane proteins SDHC, and SDHD. 1 Mutations in the different subunits result in very different disorders. Mutations in SDHA cause Leigh's syndrome, a rare inherited neurometabolic disorder characterized by degeneration of the central nervous system. 2 Mutations in the tumor suppressor genes SDHB, SDHC, SDHD from here on collectively referred to as SDHx, occur in patients with the pheochromocytoma-paraganglioma syndromes. 3 Diverse additional tumors have been associated with SDHx mutations, including gastrointestinal stromal tumors (GISTs), renal cell carcinomas, renal oncocytomas, and, rarely, papillary thyroid carcinomas, neuroblastomas, and seminomas. [4] [5] [6] [7] [8] Of these tumors, GISTs occur most frequently in patients with SDHx mutations. The majority of sporadic GIST is caused by mutations in the KIT and PDGFRA genes whereas four different SDHB mutations, two SDHC mutations, and one SDHD mutation have been identified in patients with the familial dyad of paraganglioma and GIST, also known as the Carney-Stratakis syndrome. 7 The Carney triad is similar to Carney-Stratakis syndrome, but includes pulmonary chondromas and is apparently infrequently inherited; SDHx mutations have not been described in the Carney triad. 9 In a previous report, we showed that SDHB immunohistochemistry is a reliable technique to identify pheochromocytomas and paragangliomas caused by mutations in SDHB, SDHC, and SDHD. 10 It seemed likely that other tumors in patients with SDHx mutations would be negative for SDHB immunohistochemistry, as well. In this study, we performed SDHB immunohistochemistry on GISTs that occurred as a component of the CarneyStratakis syndrome and the Carney triad. In addition, we performed SDHB immunohistochemistry on a series of apparently sporadic GISTs.
Materials and methods

Tumor Samples
Four GISTs from patients with the Carney-Stratakis syndrome and six GISTs from patients with Carney triad were available for this study. Distinguishing Carney triad and Carney-Stratakis syndrome is difficult in individual patients. In this study, we used the familial predisposition and paraganglioma as the first presenting tumor in Carney-Stratakis syndrome and the presence of pulmonary chondroma, female predominance, and GIST as the first presenting tumor in Carney triad as differentiating features, as described by Carney. 11 As a control group, we used five GISTs with a mutation in KIT or PDGFRA. GIST diagnosis was made based on histology and verified immunohistochemically using DOG1 (RM-9132-R7) antibody (Thermo Scientific, Cheshire, UK; 1:50) and CD117, c-kit (A4502) antibody (DAKO, Heverlee, Belgium; 1:25).
In addition, we investigated a series of 42 formalin-fixed paraffin-embedded sporadic GISTs 
Immunohistochemistry
All GISTs were investigated by SDHB immunohistochemistry as previously described, 10 using the rabbit polyclonal antibody HPA002868 (SigmaAldrich, St Louis, MO, USA; 1:500). Immunoreactivity was scored independently by two observers (JG and RRdK) who were blinded to all clinical, pathological, and molecular data. Slides with a granular staining in the tumor cell cytoplasm were scored as positive. Slides in which the tumor cells were negative or showed diffuse cytoplasmatic staining, but with granular staining in endothelial cells (internal control), were scored as negative. Samples lacking the internal positive control were considered non-informative and were repeated.
Mutational Analysis
Following SDHB immunohistochemical evaluation, SDHx-gene mutational analysis was performed on the tumors with negative SDHB immunohistochemistry. A region containing at least 70% tumor cells was micro-dissected from the tumor block and DNA was isolated using the Puregene DNA isolation kit (Qiagen, Minneapolis, MN, USA) according to the manufacturer's protocol. No tumor DNA was available of one sample and germline DNA was used instead. Mutational analysis was performed by direct sequencing of the open reading frames, including the exon-intron boundaries of the SDHB, SDHC, and SDHD genes. In addition, sequence analysis of exons 8, 9, 11, 13, and 17 of the KIT proto-oncogene and exons 12, 14, and 18 of the PDGFRA gene was performed on the SDHB immunonegative tumors.
Results
There was uniform agreement between the two observers in classifying tumors as SDHB-positive or SDHB-negative. Four GISTs from patients with the Carney-Stratakis syndrome were negative for SDHB by immunohistochemistry (Figure 1a) . In contrast, all KIT-or PDGFRA-mutated GISTs were SDHB-positive (Figures 1b and c) . In one of the Carney-Stratakis syndrome patients, an SDHB germline mutation (p.Ser92Thr) was present. In the other three patients no mutations in SDHB, SDHC, and SDHD were found. The six GISTs from patients with Carney triad were negative for SDHB by immunohistochemistry (Figure 1d) . However, no mutations in SDHB, SDHC, and SDHD were found. The GISTs in the Carney-Stratakis syndrome and triad all had an epithelioid morphology. In contrast, the KIT-and PDGFRA-mutated tumors had a spindle-cell morphology. The clinical details of the Table 1 .
Among the 42 sporadic GISTs, one GIST (2%) from a 41-year-old woman, located in the stomach, was negative for SDHB immunohistochemically. She developed a medullary thyroid carcinoma at age 45 years with local lymph node and liver metastasis. The medullary thyroid carcinoma was positive for SDHB immunohistochemistry. Microscopy of the GIST showed an epithelioid morphology and the tumor cells were positive for CD117 and DOG1. Mutational analysis revealed no mutations in SDHB, SDHC, SDHD, and SDHAF2 genes. Sequencing analysis of exons 8, 9, 11, 13, and 17 of the KIT proto-oncogene and exons 12, 14, and 18 of the PDGFRA gene did not reveal mutations.
Discussion
In pheochromocytomas and paragangliomas, absence of SDHB staining is an indicator of Complex II disruption caused by SDHB, SDHC, or SDHD mutations. 10 In this study, a GIST from a patient with Carney-Stratakis syndrome had a proven germline SDHB mutation, which confirms our hypothesis that GISTs caused by mutations in SDHB, SDHC, and SDHD would be negative with SDHB immunohistochemistry. SDHB mutations are also described in different types of renal tumors, 6, 8, 12 usually clear cell carcinomas, but the mutations have also been found in oncocytomas, eosinophilic chromophobe renal cell carcinomas, and papillary renal cell carcinomas. Previously, we reported negative SDHB immunohistochemistry in a renal cell carcinoma. 10 This suggests that all tumor types in patients with SDHx mutations are characterized by absent SDHB staining.
The GISTs from Carney-Stratakis syndrome and Carney triad patients in our study were negative for SDHB by immunohistochemistry, results that are concordant with a recent publication of Gill et al, 13 in which tumors are described from five Carneytriad patients with negative SDHB immunohistochemistry. However, they did not study any CarneyStratakis syndrome patients. We found that mutations in SDHB, SDHC, and SDHD were absent in all but one SDHB-immunonegative GIST, which came from a Carney-Stratakis syndrome patient. In addition, we found no proof of loss of heterozygosity of one of the SDH genes in these tumor samples (results not shown). In a previous study of pheochromocytomas and paragangliomas, we found six tumors with negative SDHB immunohistochemistry, but lacking SDHB, SDHC, and SDHD mutations (11%). 10, 14 This may be due to a o100% sensitivity of the technique of sequence analysis or to the fact that we did not perform systematic multiplex ligation-dependent probe amplification in all our samples, thus probably missing up to 10% of genetic abnormalities. However, it is also possible that epigenetic changes or other genes affect complex II, and that mutations in such additional genes might result in disruption of complex II and subsequently in negative SDHB immunohistochemistry. The question, therefore, remains whether absent SDHB immunostaining implies the presence of SDHx mutations in GISTs, as we have shown with 485% sensitivity in pheochromocytomas and paragangliomas. Although the mechanism of tumorigenesis of the SDHB immunohistochemically-negative GISTs is unknown, several studies have shown that VEGF and HIF1a are relatively overexpressed in GISTs, 15, 16 as is the case in SDHx-mutated paragangliomas. The negative SDHB immunohistochemistry in Carney-Stratakis syndrome and Carney-triad GISTs indicates the absence of SDHB protein and functional complex II. 10 The mammalian mitochondria contain about 1100 proteins of which nearly 300 are uncharacterized, so it can be anticipated that pathogenic mutations or functional abnormalities of other mitochondrial proteins both drive tumorigenesis and account for SDHB negativity in CarneyStratakis syndrome and Carney-triad-related GISTs. Among the 42 apparently sporadic GISTs we studied, one tumor (2%) was negative for SDHB by immunohistochemistry. This finding is in agreement with Gill et al 13 who found that 3% (3/101) of sporadic GISTs in their series was negative for SDHB immunohistochemically. Interestingly, our patient developed a medullary thyroid carcinoma 4 years after diagnosis of the GIST. This combination of GIST and medullary thyroid carcinoma has been described previously in a patient with multiple endocrine neoplasia type 2A. 17 In our case, we found a somatic mutation in RET in the medullary thyroid carcinoma (results not shown). In addition, SDHB immunohistochemistry was positive in this medullary thyroid carcinoma, indicating that the tumor was not caused by complex II disruption.
Gill et al 13 divided GISTs into two broad groups: GIST type 1, which includes most GISTs and occurs mainly in adults and KIT-or PDGFRA-mutant tumors. Type I tumors usually show spindled morphology. GIST type 2 occurs predominantly in children and young adults. Type 2 tumors show an epithelioid morphology, occur exclusively in the stomach, and are never associated with KIT or PDGFRA mutations. The one apparently sporadic SDHB-negative GIST in our study, although occurring in an adult, was located in the stomach and had an epithelioid morphology, in line with the observations by Gill et al.
In conclusion, we have shown that CarneyStratakis syndrome and Carney triad GISTs are negative for SDHB by immunohistochemistry in contrast to KIT-or PDGFRA-mutated GISTs and the majority of apparently sporadic GISTs, which are immunopositive. Our findings suggest that absent SDHB immunostaining in GISTs has a high likelihood of a syndromic diagnosis of either CarneyStratakis syndrome or the Carney triad. Consequently, SDHx mutational analysis and clinical surveillance for the development of paragangliomas and pulmonary chondromas should be instituted.
